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Abatract 

This pt»swnts »ttp»rimmntml r^smJts 

mhieh «jrt«od pr 0 ¥ioms aCadi«jr» ea tAa 
mixing of a xtmglo rom of Jots mith an . 
ixothormoi moioxtroom in a xtrmight goct, 
to inclmgo flom and goonotric omxiationx 
typical of conboxtion chmnborx in gmx 
tmrbino onginox. Tho principmi conclmxionx 
xoochod from thoxo oxporinontx warat i> ot 
eooxtont nononton ratio* vmriotionx in 
donxitf ratio haoo only a aacoad-ordar 
offact on tAa profilox$ S> a firxt-orgor 
approxination to tAa nixing of jatx mith a 
variabla tanparmtora nainxtraan can ba 
obtainaO by xoparinpoxing tha 
Jatx- in-M>-ixotharnaI~croxxf lorn an^ 
nainxtraan profilax$ 3) flon araa 
conoarganca, axpacialty injaction-mall 
conoarganca, xignificantly inprooax tha 
nixing$ 4> for oppoxag romx of Jatx, mith 
tha orifica cantarlinax in-Iina, tha 
optinan ratio of orifica xpocing to doct 
height ix J/2 of tha optinan valma for 
xingla xida injaction at tha xana aoaantoa 
ratiof and 5> for oppoxad romx of jatx, 

Mith tha orifica cantarlinax xtaggarad, tha 
optimum ratio of orifica xpocing to dact 
haight ix tmica tha optimum aaiua for 
xingla xida injaction at tha xana aoaantoa 
ratio. 


WnEinrldtiri 

Aj/Aa • or i f i ca-t o -a a i natraaa araa ratio 

- <Pi/4)/(<8/D)<Ho/D)) 

Cd * ori-fica diacharga coafficiant 

D » orifica diaaatnr 

Dj • (D) (■amr^Cd)) 

OR ■ jnt-to-nainatraaa dannity ratio 

- <Ta/Tj> 

Ho ~ duct haight at injaction plana 
J > jat-to-aainatraaa aoaantua ratio 

> <DRXR>* 

H * j at -to-aai natraaa 

danaity-tinaa-valocity ratio 

- (ORMR) 

Pi - 3.14199 

R ■ jat-to-aainatraaa vnlocity ratio 

- (Vj/Ua) 

8 ■ spacing bataaon orifica cantara 

T “ taaparatura 

Tj > jnt axit taaparatura 

Ta “ aai natraaa taaparatura 

U “ vnlocity 


TMi ptpa to Acbni ■ wwk af ai U J. 

GawnaoM aai IbatlM* to a At paMk taMta. 
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Ua " aainotraoa vnlocity 

Vj - jot vnlocity 

X “ dtaaiatroaa coordinata 

n 0 at injaction plana 
y * cr o a a -atraaa (radial! coordinata 
- O at aall 

z - latoral (circuaforantiall 

coordinata 
* O at contarplano 


Ccxioidorationn of dilution zona nixing in 
gao turbino coabuation chaabora hava 
aotivatod aovoral praviexm atudiaa of tho 
aixing charactoriatica of a ram of jota 
injactod noraally into a ductod cronaflou 
(raforoncoo 1. to 11). In raforonca 12, tha 
off acta of aaparatoly varying aoaantua 
ratio, dannity ratio, orifica siza, and 
orifica apacing arm raviawnd, and tha 
rolations aaong thoaa uhich optiaiza tha 
nixing ara idontifiod, uaing tha anpirical 
nodal of raforonca S. Tha currant atudy 
Haa initiatod to oxtond tha availabla 
oxporinantal data cmi tho tharaal nixing of 
dilution jata to includa gaoaatric and fliM 
variationa char actor i at ic of gan turbina 
coabuation chaabarn. 

Tha oxporinonta raptirtod horoin ara a 
dlract axtonaion of tha oxparinanta in 
raforonca 1 on a aingla roa of Jatn nixing 
Mith an inothoraal nainatroan in a atraight 
duct. Variationa ini thoaa oxporiaonta 
conaidarod in tho prooont papor includa: 
tho rolo of tho doMity ratio, variabla 
taaparatura nainatroan, floM araa 
convorgonca, and opponad in-lina and 
ataggarod injaction. A aoro coaplata 
proaantation of tho oxpariaontal roaulta, 
and diacuaoion of tha anpirical nodal ing 
porforaad in this atudy ia givan in 
ra f Br a nca 13. 


eHPErtRintEl CgntitfErAttonb 

Figuro 1 ahoua a flcat achonatic of tho 
dilution jat taat rig. Tha nainatroan 
taap a ratura and valocity profilaa can ba 
tailivad by adjuating tha flon to tha 
prof i la gonorator upatroaa of tha taat 
aaction. Dilution air antara tha taat 
aoction through aharp-adgod orifieaa in tho 
taat aoction nalla frcM tho top, bottM, 
or both. 
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Ft 9 ur« 2 pravldM marm detail on the teet 
eectiene and orifice cenfieuratiene ueod in 
thia study. The height of the teat ooetion 
at the injoetton plane* He* uae 10 1* ca 
for all teats. Orifice plate apan araaa 
More varied free 2.8 to 20 percent of the 
aainatreae crcMM ooetian at the injoctioi\ 
lacatien. The prleary indepe nd e n t 
gaonetric variables are the arifice aiio* 
and the spacing betnee n adjacent erificea. 
Theee are canvonlantly aspre eea d in 
diaonsionlaas fora as the ratio of the duet 
height to arifice dlaaetor* Ho/D* and the 
ratio of the orifice spacing to duct 
height* 8/He. The iH'oduct of thoaa is the 
orifice spacing-to-dieeeter ratio* 8/D| 
also called the pitch-te-diaoeter ratio 
<e.g. refs, 9 b 10). 

Tests Mere perforoed Mith single-side 
injection for non-isotheroal oainstrean 
conditions* and for both s y ene t ric and 
injection -Mall convergonco* at the rate of 
.Scn/ca. Doth single-side and tMO-side 
injection tests Mere perforoed using the 
straiiptt duct test section. 

The dilution jet oiKing characteristics 
Mere deterained by neaeuring teepe r ature 
and pressure distributions uith a vortical 
rake probe* positioned at differant aMial 
and lateral stations. This probe hod 20 
theraiocouple eleaents* eith a 20-el aaent 
tiHal pressure rake, and a 20-elaoant 
static pressure rake located nooinally 8 an 
(.09 Ho) on each side of the thoroocouple 
rake. The center -to-center spacing betMoen 
sensews on each rake uas also .08 Ho. 

This probe mss trav e rsed over a natria of 
fron 48 to 64 Z-X plane survey locations. 
The flOM field napping in the i-diroctiim 
uas done over a distance egual to one or 
one and a half tines the hole spacing* 8* 
at intervals of 8/10. For noot tests* the 
K-y plane containing the orifice 
centerline (conterplane) uas at the center 
of the span survayedl i.e. data surveys 
Mere fron nidplane to nidplane. 

Measursnsnts in the M-directlon Mere node 
at up to 8 planes Mith 0.28 1 X/Ho 
1 2. Note that because the 
designers' abjective is to identify 
dilution zone configurations to provide a 
desired niaing pattern nlthin a given 
coabustor length, the dounstrean stations 
of interest are defined in intervals of the 
duct height at the injection location* Ho. 
rather than the arifice dionetsr* 0. 


Results and Discussion 

The noasured gas taaporatura distributions 
ore prese n ted in ncsv-dinensional fore ass 

THETA - (Ta - T ) 

(Ta - TJ) 

Note that THETA ■ 1 if the local 
teaperature is equal to the jet 
teoperature* and THETA - O if the IcKial 


taoparature is equal to the aainstraoa 
taoparatura. 

The taapsiatura field raaults ora praaaa t a d 
in thraa-diaonsianal ebliqua vtaua and aa 
isot h ara contaura af the taoparatura 
difforanco ratio* THETA. Typical aaaaplaa 
of thaaa are sbOMn in figure 3. In thaoa 
plots the taoparatura distribution is ahoun 
in planes noraal to the aain flan 
direction. Tho coordinatos y and a are*, 
roopactivaly* noraal to and along the 
orifice roM in this constant X plana. For 
clarity and canal otancy of the visual 
prosontatian* the THETA distributions are 
ohoun ovor a 28 span in the z-diroction* 
uith the plane betueen Jets* the aidplana* 
at the ed^ of the oblique and contour 
plots. 

8ince for aoot testa* data Mere obtained 
over a span of only one (vifico opacing* 
syneetry uas aoauaod uhere neca oe ory* and 
the data uore reflected acrooa the aidplana 
or conterplana as appropriate. In figurao 
3a and 3b* the right half of each figuro in 
a reflection of tho left (uith slight 
differences due to the contour plotting 
routine). In figure 3c* the data Mere 
obtained free centorplane to conterplane* 
and the differen ces be t uee n the right and 
left halves of the figure nay be due to 
differences in flou through adjacent 
orifices and/or to a slight aisalignaant 
betussn the flou and gooaetric 
cant arpl anas. 

The y and z coordinates are ahoun to scale 
in the duct erenn-nactlon schaaatics on the 
right of each rou in figure 3. Hota tite 
fiMirfold decrease in the Midth of tlie flcm 
region ohoun froa 8/Ho"l in the top rou to 
8/Ho>.28 in the bottoa rou. The profiles 
and contours in this figuro 9hom the 
relationship batuaon orifice spacing and 
mnmsrtiiT ratio that gives optiaun oising 
for one-side injection* indepen d ent of 
orifice dianetar (refs. 2* 8* and 12). 

This can be stated as: 

8/Ho)o..t • 2aS 

mmmrtJ* 

The follouing paragraphs uill prese n t the 
aspariaontal results for singla-sids 
injection tests uith (separately) a non- 
isotharoal nainstraan flou* s y aas t ric and 
Injectlon-uall converge n ce* and opposed 
in-line and staggered injection in a 
straight duct. In addition to variations 
uith gsoaetry* the distributions ore 
eNoninod in tores of the flou variables OR* 
R* H* and J* uhich are respectively the 
density ratio* velocity ratio* donoity- 
tines-velocity ratio* and the aoea n tua 
ratio. 


Density Ratio 

Figure 4 shous the affect of density ratio 
on the IHETA distributions. These profiles 
ore for an orifice cenf iguratlon uith 
8/Ho".8 wid Ho/Di^* for three different 
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floM cofMlItlan*. Par soeh of thooo. atralght-tfuct toot which moo uood m tho 


profllM arm ahfom at dcMnotroiM dtatoncoo 
of K/Hd ".a. Ip and 2 from loft to ridht. 
Tho proflloa In tho tap row arm for hot 
jots and on oohlant oalnstrooop tdioroao tho 
oiddlo and bottoo rotto arm far ooblont Joto 
and a hot oainotrooo. 

• 

In tho tap and oiddlo roMOp tho oooMntuo 
rotioo arm oloilorp and tho proflloa oro 
■ioilorp ovon though tho donmtty ratio lo 
.73 in tho top rowp and 2.2 In tho oiddlo 
raw. Tho ollghtly ooallor THETh lovolo In 
tho tap row oro a rooult of tho aoollor 
jota-to-oalnotroao flow ratio In tho hot 
joto cooo. In eontroot to thooop tho 
proflloa In tho bottoo row ohow cn^or- 
ponotratlonp os a rooult of on 
opproMlootoly four-tlooo largor oobbntuo 
ratio. Noto howovor that tho jot-to- 
oalnotrooo voloeity ratlw oro about tho 
saoo for tho hot-joto/ooblont-oalnotroao 
caoo in tho first rowp and tho ooblont- 
jots/hot-oalnntroao caoo in tho bottoo row. 

Figuro 3 shows a sioilor cooporlson for on 
orifico Plato with tho sooo ariflco- 
spocing-te-duct-holght ratio <8/Ho>p but 
with largor holos. Tho htit— Jots/ooblont— 
sainstrooo and oobiont-jots/hot-oalnstroao 
casos in tho top and bottiMi rows 
rospoctivoly hsvo noorly oqusl donslty- 
tloos-volocity ratiosp but arm arm vory 
difforont duo to tho largo dlfforonco in 
thoir soosntuo ratios. Tho tap and 
oiddlo rows show that tho THETA 
distributions b scows ooro sioilor as tho 
oooontuo ratios approach oquality. 


VgrlihU TwEtTEtwE fHintliraia 

Tho influsnco of a non-i sot h sr sal 
oainstrooo flow on tho profllos for 
8/Hos.Sp Ho/Dw4, with Jw22 Is shown in 
figuro 6. In this figurop tho htittost 
tooporaturo in tho oainstrooo for ooeh caoo 
was usod os To In tho dofinltlan of THETA. 


control COSO in tho proulauo figuro oloo. 
Horop os In tho nan-»t oo th oroa l ooinat r oao 
tootSp tho joto woro Inioetod from tho top 
wall. 

Tho profllos In tho oiddlo row oro far a 
toot ooctian «d»lch conv o rgo s syoootrlcolly 
to 1/2 of tho Inioctlon-plono holght CNo> 

In a downotroao dlstonco ogual to 1 Ho 
<1.0. .3eo/co>. At all downotroao 
lacatlansp thooo profllos arm ooro unlfaro 
thon tho carroopoi^lng otr sight ••duct 
profllos. Evsn ooro of on offset Is soo n 
in tho dlstrlbui.lons in tho bottoo raw. 

Tho oros eonvsrcioneo hsro Is tho saoo os In 
tho oiddlo rowp but It Is osyoootrlcp with 
all of tho turning an tho Injoctlan woll. 
This has a droontic offset In crostlng ooro 
unlfaro toopora<:uro dlstrlbutlonsp In both 
tho tronsvorso lOid lotorol diroctlons. 


Qoooslna Wows cf. Jots 

Tho rooalndor of this popor will prosont 
tho OMporloontal rosults for two- s ldo 
injoctlan freo apposing rows of jotSp with: 
1) tho jot contorllnos an tap and bottoo 
dlroctly opposlto ooeh othorl and 2) tho 
Jot contorllnos on tap and bottM stoggorod 
in tho 1 (circuo f orontlal > diroctlon. Tho 
rosults of thoso tosts aro shown and 
cooparod with tho singlo-oldo rosults In 
figuros 8 to 13. Far ooeh casop a duct 
crcws-soctian Is shown to seals to tho loft 
of tho data. 

nmWWIBlI Jat Iniacttoni Figuro 8 
shfwts slnglo-oldo and opposod jot Injoctlan 
COSOS at a constant arlflco dl soot or 
(Ho/Dw8>p for oooontua ratios of 
opproNioatoly 25. For this aonsntua ratlop 
on appropriato orifico spacing to duct 
holght ratio for eptlouo slnglo-oldo olsing 
Is .5 (roforoncos 2 b 3>p as con bo soon In 
figuro 3 and in tho prcrfilos In tho tap row 
of figuro 8. 


Tho ioothorsal oainstrooo ’control' caoo In 
tho top row is tho oiddlo row friMS figuro 
3. In tho contor row in figuro A tho 
upstrooo profilo <loft frooo) is coldost 
noor tho Injoction wallp whoroas in tho 
bottoo rowp tho upstrooo profilo (loft 
frooo) is coldost noor tho cgiposito wall. 

Tho shops of thoso distributions suggosts 
oodolling thoo as a suporposition of tho 
upstroao profilo and tho joto-in-an- 
i oothoroal -oainstrooo THETA distributions. 
This givos only a crudo opproNioation 
howovoTp as thoro is considoroblo croso- 
stroao transport of oainstrooo fluid duo to 
tho blockogop and this Is not occountod for 
in suporioposing tho distributions. 


Flow Aroa Convoroonco 

Tho offoct of flew oros cenvorgonco on tho 
tooporaturo privfllos for 8/He>.3p He/Dw4p 
with Jw26 is shown In figuro 7. Tho 
profllos in tho top row arm from tho 


For opposod jot injoctiem, with oqusl 
oooontuo ratios on both oidoop tho 
sffoetivo olKing holght is half tho duct 
hoightp basod on tho rooult in ro f or o nco 3 
that tho offoct of an opposito wall is 
sioilor to that of tho piano of syoootry in 
an opposod jot configuration. Thus tho 
appropriato arlflco spacing to duct holght 
ratio for opposod Jot Injection at this 
ODoantuo ratio lo 8/He«.23. Thooo profllos 
aro shown In tho bottoo rowp and tho two 
stroaoo do Indood oIm vory rapidly. Neto 
that tho Jot to oalnotroao flow ratio is 
four-tioos groator in tho opposod lot caso 
than in tho singlo-sido caoo. 

Figuro 8 ohesta a cooparloon b o twoon 
slnglo-sldo and op p oood jot Injoctlan caoos 
at tho saoo oooontuo ratlOp In which th« 
orifico oroasp and honco tho jot-to- 
oalnstroao flow ratio Is cemstont. Hero 
tho opposod jot caso roqulros twlco as oany 
holos in tho roWp at ono half tho dioootorp 
cooparod to tho optiouo singlo-sido caso. 
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rt«uTM to and It ahoM • atatlar 
ratattonahto iMtaaan atnila-atOa and 
nppnarrt jata, lor a noatnat aoaantua ratte 
a« 7, aa atouraa ■ and d a ha na d far a 
aaaantua ratta of 29. Nata that ha c a u aa 
tba noaantuo ratta ta aoallar* tha S/Mo 
valuoa tn ftQuraa tO and tt ara la r far than 
tha carraapandtno vatMoa tn ftforaa 9 and d 
(aaa a.Q. ftg. 3 and rafa. 2« 8« and t2>. 

tannarad Jot Inioettan. Ptnatty, 
ftguraa t2 and tS ahoa coapartaana bataaan 
Btngla-^tda and ataqgarad jat tnjacttan far 
aaaantua rattoa of 28 and tOO roapacttvaty. 
Btnco for appaaad tnjocttan, tt aaa found 
that tha offocttvo adatng hotght oao half 
of tha duct hatpht» it would aaoo 
appraprtata to aaauoo for atapporod Jata 
that tha affacttva ortftca apactnp would ho 
half tha actual apactnp. 

Thta hypothaata ta vortftad by tha rapid 
otMtnp of tho two atroaaw tn tha bottoo raw 
of prof i loo tn ftpuroa 12 and tS. In both 
ftpuroa tho cwtftco apactnp for tho 
atapporad jata ta twico tha appraprtata 
valua for ona-atda tnjacttiwt at tha ptvon 
oooontuo ratio. That ta, a conf tpuratton 
that opttotiaa otMtnp tn a ona-atda 
conf tpuratton, porforoa avan battar whan 
ovary other ortftca ta oovad to tho 
fpipoatta wall. 


lidtrY nf 

Tha principal conctuatona fron tha 
OMpartaontal raaulta proaantod haraln arat 

t> Tha jat-to-oatnatroaa aaaantua ratio ta 
tho aKMit tapeatant oparattnp vartabla 
tnfluoncinp tha jot panotration and atMlnp. 
At conatant aoaantuo ratio, vartattono tn 
danatty ratio hava only a aacond-ordar 
affact on tha proftlaa. 

2> A ftrat-ordar approMiaattfai to tha 
alNtnp of jata with a vartabla taoporatura 
aalnatraao can ba achtavad by a u partapnatnp 
tha jata-tn-an- ;.aotharoal-oalnatraao and 
upatraaa prcifllaa. 

Flow araa convarpanca, aapactal ly 
tnjacttan wall convarpanca, atpntf tcantly 
taprovaa tha atMtnp. 

4) For oppoaad rowa of jata, with tha 
ortftca cantarltnaa In-ltna, tha apttouo 
ratto of ortftca apactnp to duct hotpht la 
ona-half of tha apttouo valua for 
atnpla-atda tnjaettewt at tha aaoa oaaontuo 
ratto. 

hi For oppoaad rowa nf jata, wtth tha 
ortftca cantarltnaa atapparod, tha apttouo 
ratto of ortftca apactnp to duct hotpht ta 
doubla tha opttauo valua for atnpla-atda 
tnjacttan at tho aaoa aoaantuo ratto. 
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